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1.0 ARTIFICIAL PENETRATION PROTOCOL 

The Area of Review is the area within which the owner or operator of Class I injection 

wells must identify all artificial penetrations that penetrate the confining or injection 

zones. For purposes of the UIC program "Non-Endangerment" standard, the Area of 

Review under the Federal regulations is defined as a fixed 2.0 mile radius around the 

injection well unless the Director specifies a larger radius. Wells within this Area of 

Review are then evaluated to ensure that abandoned boreholes will not provide a pathway 

for injection-induced movement of fluids into a USDW. 

For purposes of a "No-Migration" demonstration, an additional and different "Area of 

Review" is also considered. This area of review consists of the area within which - based 

on reasonable worst case projections - the injectate plume may be located at any point 

within the next 10,000 years. Wells located within this area of review are evaluated in 

order to demonstrate that abandoned boreholes will not provide a pathway through which 

injected fluid constituents could migrate from the injection zone. 

The following is an outline of the steps that were taken to identify and evaluate artificial 

penetrations for purposes of both the "Non-Endangerment" and "No-Migration" 

standards. 
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2.0 WELL IDENTIFICATION 

A specific and consistent methodology was used to identify all artificial penetrations 

within the Area of Review surrounding the DuPont Beaumont Works. Several data 

sources were utilized to locate pertinent information regarding each artificial penetration. 

Revised or updated base maps from Tobin Surveys, Inc., Cambe Geological 

Services, Inc., and the Jefferson County oil and gas base map maintained by the Texas 

Railroad Commission were utilized to initially identify and establish a general 

background on the wells in the Area of Review. State agency files along with state 

libraries were researched by Agency Information Consultants (AIC) , Geosource 

Incorporated (GI) and/or R.W. Byram & Company for descriptive well documentation. 

The regional libraries of Cambe Geological Services, Inc., a commercial log service 

company, were researched for well logs and scout tickets applicable to each well 

identified in the Area of Review. Additional records data were obtained through the 

University of Texas, Balcones Research Center. Where discrepancies existed among data 

sources, state form data were considered to be the most accurate. Since the Petition was 

approved in 2001 various updates have been provided by Banks Information and D-B 

Associates of Austin, Texas. The following discussion is a synopsis of the procedures 

used to procure these state form data. 
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3.0 FILE SEARCH AND RESEARCH PROCEDURES FOR THE TEXAS 

RAILROAD COMMISSION 

The well record filing system of the Texas Railroad Commission is cumbersome due to 

changes in filing procedures implemented through the years. The enormous amount of 

information contained within the system has often been reorganized when directors of the 

Texas Railroad Commission have changed. The following discussion on file searches 

and research procedures for the Texas Railroad Commission outlines the necessary steps 

that must be taken in order to retrieve oil and gas well records to be used in researching 

each well within a given area. 

3.1 Maps 

Before the retrieval process can begin, it is necessary to know the operator, lease name, 

and county in which the well is located, and the name of the survey in which the well is 

found. The preceding information is normally found on commercially prepared oil and 

gas base maps. The Texas Railroad Commission maintains county and field maps used 

by the researcher to determine operator, well name, approximate drilling date, and field 

name. 

County maps are produced by commercial firms, who obtained the data to build the oil 

and gas bases from scout tickets, completion data obtained from individual oil companies 

in the early years, and then, in later years, from the Texas Railroad Commission itself. 

The Texas Railroad Commission purchases these maps and utilizes them as base maps, 

plotting incoming information filed by oil and gas operators. Changes in the status of 

existing wells are noted, as well as factual material on new wells. 

Field maps are prepared by Texas Railroad Commission personnel from the commercial 

base maps. Field maps are prepared when there is an extremely high well concentration 

in an area and it is necessary to expand the scale of the area so that wells can be properly 

identified. All data including survey name, fee name, acreage and configuration of tracts 

of land, operator name, and well location are taken from the county map and transposed 

onto the field map. Once the field map is prepared, any wells drilled, deepened, plugged 

back, or plugged in the area encompassed are spotted on this map. 
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The researcher should utilize both types of maps on file with the Texas Railroad 

Commission as well as other available commercial oil and gas base maps. The 

information found on these various base maps is used to proceed to the next step of the 

research process. 

3.2 Microfilm Records 

All records filed with the Texas Railroad Commission pnor to 1973 are found on 

microfiche and microfilm. Records in some Texas Railroad Commission districts are 

filmed through 1980. These microfiche and microfilm records are organized in several 

different systems, such as operator and lease name, or district, field, and operator name, 

or district, field, and lease number. Within these systems, a large number of exceptions 

to the filing procedures create additional filing sub-systems. 

The standard film sets available are a) unit cards; b) well records-folders rolls; c) well 

records-runs 20-30 and A-I; d) well records-major runs; e) well records-old warehouse 

film; f) well records-K, L, M runs; g) potential film; h) wildcat and suspense film; i) well 

record files; and j) suspense files. Each is discussed individually below. 

3.3 Unit Cards 

Unit cards are microfiche records for wells which had records filed with the Texas 

Railroad Commission prior to 1962. These units are filed sequentially by an operator 

number assigned by the Texas Railroad Commission when the operator filed the required 

organization report with the agency. The operator number can be referenced in either the 

county book or the county microfiche. There is a county book maintained for each county 

within the state. Within the county book, the information is organized alphabetically by 

lease name which cross references to the operator name and corresponding operator 

number. The county microfiche are a recent addition to the Texas Railroad Commission 

filing system. The agency took the county books and reorganized the leases into 

alphabetical order and microfilmed the information. Although the county books are not 

organized as neatly as the county microfiche, they are the original system and are more 

accurate due to unintentional omissions made when reorganizing the listings. 

DuPont Beaumont Warks Petition Reissuance 

GeoHydroLogicPro, LLC 

4-4-6 Dow Beaumont Aniline 
Frio Reissuance No-Migration Petition 

October31,2018 



Appendix 4-4 Page 4-4-7 
July 1998 Revised November 2018 

Operator numbers can also be obtained from old copies of organization ledgers 

maintained by the Texas Railroad Commission. These ledgers are in five separate sets 

which correspond to various time periods from the 1920s to the 1960s. These ledgers list 

only operator names, addresses, and numbers assigned by the agency, and are used as a 

last resort, since they do not indicate lease names and often list multiple operators with 

the same name. 

Once the operator name is matched to a lease name and an operator number is given, the 

unit card, if available, is pulled. The lease names are filed alphabetically within each 

operator number. Since there are exceptions to the filing system, if the desired 

information is not available or only partially available on the unit card, then the 

researcher must proceed to the next set of microfilm. 

3.4 Well Records Folders Rolls 

Duplicate copies of unit cards, which sometimes contain information that was not 

included in the initial filming of the unit cards, are referenced on the folder rolls. The 

folder rolls are organized by operator number and folder number which appear on the unit 

card jacket. In addition, some folder rolls do not have a folder number given, but only an 

operator number. These rolls are called "addon rolls" and also contain records not 

included in the initial filming of the unit cards. 

3.5 Well Records Runs 20 to 30 and A to I 

These rolls are organized by operator number and by specific periods of years. These 

rolls encompass a period from 1945 to 1960 and commonly have three to five rolls for a 

specific year and operator number. When information is not available on the unit cards, 

these are the next set of film to be researched for records. 

3.6 Well Records Major Runs 

These are a special set of film that contain only information on records filed by major 

operators. These rolls are organized by operator and then alphabetically by lease name. It 

should be noted that there are very few unit cards for major companies and that, if any 

information were filed on a lease or well, it would be found on this set of film. It should 
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also be noted that major operators, even in the early years of the oil business, were very 

prudent about filing completions and plugs for wells which they operated. 

3.7 Well Records Old Warehouse Film 

This set of film contains some of the earliest information filed with the Texas Railroad 

Commission and includes oil and gas well records filed from 1919 to 1939. There are 

only five rolls of this film, with three rolls organized numerically by operator number and 

two rolls organized alphabetically by operator name. 

3.8 Well Records K, L, and M Film 

In March 1966, the Texas Railroad Commission instituted a new filing system. However, 

before the system could be fully implemented, many well records which were filed during 

the period of transition were placed onto the K, L, and M film. The K Run covers 

portions of records filed from 1963 to 1964, the L Run covers portions of records filed 

from 1964 to 1965, and the M Run covers portions of records filed from 1965 to March 

1966. The K, L, and M film is organized by operator number, with leases listed 

alphabetically within operator number. 

3.9 Potential Film 

In March of 1966, the Texas Railroad Commission filing system was converted to the 

potential filing system, which is used today. This film contains records of all wells that 

produced oil and/or gas and were placed in a designated oil or gas field. This film is 

organized by Texas Railroad Commission District, field name, and oil lease number or 

gas well identification number. 

3.10 Wildcat and Suspense Film 

This film contains records of all wells with applications to drill in wildcat fields or new 

leases in designated fields that were on leases that did not have a lease identification 

number previously assigned due to no producing wells on the lease in the field. This film 

is organized by district, county, and/or American Petroleum Institute (API) number. The 

API numbering system has been in effect since April 1966. The numbers have been 

stored within the Texas Railroad Commission computer system as well as being noted on 

DuPont Beaumont Works Petition Reissuance 

GeoHydroLogicPro, LLC 

4-4-8 Dow Beaumont Aniline 
Frio Reissuance No-Migration Petition 

October 31, 2018 



Appendix 4-4 Page 4-4-9 
July 1998 Revised November 2018 

all forms filed for the well. The system allows information to be retrieved by computer 

showing drilling status, operator, lease name, oil lease number or gas identification 

number, and field name. This is a very efficient system and allows quick and accurate 

retrieval of data filed since 1978. 

3.11 Well Record Files 

These are the hard copy files of data not yet placed on microfilm. These files are 

organized by district, field name, and oil lease number or gas identification number. 

These files contain the most recent data processed by the Central Records staff of the 

Texas Railroad Commission. Inside these folders are references to data that have been 

placed onto potential film. 

3.12 Suspense Files 

These files contain the most recent information to be filed with the Central Records 

Department. This is the holding area for information to be placed into existing well 

record files or to have new oil lease or gas identification files prepared. The information 

is filed by district and API number. To obtain API numbers assigned to these records, it 

is necessary to search suspense cards that are filed by district, county, and alphabetically 

by lease name. Records that have not been placed in suspense files are usually found 

within the Map Department where they are held until data are placed on the county oil 

and gas base maps or on field maps. 

The aforementioned record sets are the primary file systems utilized to access records in 

the Texas Railroad Commission. In retrieving information from the Texas Railroad 

Commission, the researcher often has to examine every file system available in search of 

a particular piece of information. 
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4.0 EVALUATION PROCEDURE FOR ARTIFICIAL PENETRATIONS 

4.1 Well Type 

Once identified, the artificial penetrations were subdivided into wells that are abandoned 

and wells that are active. An abandoned well is a well where use has been permanently 

discontinued or is in disrepair such that it cannot be used for its intended purposes. These 

types of wells include dry holes, abandoned production (oil and gas) wells, and injection 

wells. An active well is a well that is currently operating, including production and 

injection (saltwater disposal, enhanced recovery or other) wells, or wells which are 

temporarily shutin (subject to annual integrity testing). 

4.2 Well Status 

Each artificial penetration (active/abandoned) was evaluated as to the adequacy of 

construction and plugging to determine the potential of the penetration to convey fluid 

from an injection interval and zone into the overlying USDWs (Non-Endangerment) and 

the potential of the penetration to convey injected fluid out of the injection zone 

(NoMigration). Where construction or plugging did not rule out potential concerns, wells 

were evaluated or modeled to determine compliance with the Non-Endangerment or No­

Migration standards. 

4.3 Confining and Injection Intervals and Zone Penetration 

Multiple confining shale intervals exist overlying the Frio Sand Injection Interval. The 

Anahuac Shale is considered to be the primary immediate confining interval present 

above the Frio Sand, however additional confining shale intervals are present within the 

lower Miocene Sand section. Only those wells that penetrate the Anahuac Shale 

confining interval and the Frio Sand Injection Interval could have the direct potential to 

convey fluid from the injection interval to an overlying USDW. Available geophysical 

well logs for the artificial penetrations present within the Area of Review were correlated 

to determine which of the wells actually penetrate the confining/injection interval. Wells 

that do not penetrate this interval therefore, do not provide potential avenues for fluid 

movement and thus are not considered as artificial penetrations, therefore, they need not 

be further evaluated. 
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Unconsolidated rock formations such as the geologically young shales in the Gulf Coastal 

Plain have hydration due to expanding smectite clays (such as those present beneath the 

DuPont Beaumont Works) and plastic properties which result in natural closure of man­

made boreholes (Johnston et aI., 1979), (Davis, 1986), and (Clark, et aI., 1992). Johnston 

and Knape, 1986, reported, after interviewing several experienced drilling engineers, that 

the geologically young and unconsolidated sediments of the Gulf Coast tend to slough 

and swell, and an uncased borehole will commonly squeeze shut within a matter of hours, 

resulting in natural borehole closure. Agency Information Consultants, 1987, examined 

improperly plugged abandoned wells in over 46,500 Texas oil and gas fields in both 

unconsolidated and consolidated regions, and documented natural closure as an important 

mechanism in preventing upward fluid movement in the unconsolidated rock areas (Clark 

et al., 1987). Borehole closure has also been verified in the routine experience of field 

engineers and/or petroleum consultants who encounter difficulty in keeping boreholes 

open while drilling and running casing and sometimes find boreholes closed when re­

entry is attempted for plugging. Experience from re-entering and plugging abandoned 

wells near DuPont injection facilities confirmed that the boreholes are closed by natural 

processes in the Texas Gulf Coastal Plain (Meers, 1986 and Klotzman, 1986). 

These observations explain why abandoned boreholes without production/long string 

casing are normally sealed by natural phenomena. Although closure of the borehole by 

caving sands and swelling shales would provide a significant obstacle to vertical fluid 

movement in the well, the approach used to model the potential for fluid movement in 

abandoned boreholes assumes that borehole closure will not occur. The resulting 

modeling calculations thus include a large safety factor. 

4.5 Drilling Methods and the Mud Column 

The artificial penetrations were classified by their drilling methods (rotary vs. cable). 

Because boreholes tend to close in unconsolidated rock formations such as the 

geologically young sands and hydrated shales of the Gulf Coastal Plain, rotary drilling has 

been the preferred drilling method. Generally, drilling mud is carefully balanced to keep 

caving sands and sloughing shales from entering the borehole. Rotary drilled dry holes 

without plugging records can be assumed to have been left mud-filled as a minimum 

condition because there is no econormc reason to recover the drilling mud prior to 
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abandonment (Johnston et aI., 1986). An exception to this is with modern day drilling 

fluid techniques, which can use polymer base or oil-based muds which are both economic 

to recover and extract from the borewell; however, the hole during extraction is typically 

filled with a less expensive bentonite mud. Mud characteristics (density, viscosity, type, 

and pH) were obtained from geophysical well logs, state, and operator records when 

available. 

Rotary drilled dry holes with protection and/or production casing strings were reviewed 

for perforations because a well that has been production tested by perforating usually has 

the drilling mud replaced with a water cushion. 

Mud plugs provide an effective barrier to vertical fluid flow in the abandoned wellbore. 

The permeability of the mud plug is less than that of the surrounding sand formations 

which, in combination with the hydrostatic head of an overbalanced mud column that is 

sufficient to counterbalance increased formation pressure due to injection, creates an 

effective barrier to vertical fluid flow. These factors, combined with borehole closure, 

minimize the chance of encountering a truly open conduit in an artificial penetration that 

was drilled in unconsolidated regions. 
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5.0 EVALUATION METHODOLOGY FOR NON-ENDANGERMENT 

5.1 Plugging 

The "Statewide Rules For Oil, Gas, and Geothermal Operations" (Railroad Commission 

of Texas, 1986), from the State of Texas establish very stringent plugging requirements 

for abandoned wells. The Texas Railroad Commission, under Statewide Rule 14 (1967), 

demands all formations bearing USDW s, oil, gas, or geothermal resources be protected 

with typespecific cement plugs and mudladen fluid. Uncemented areas in the abandoned 

wellbore must be filled with a mudladen fluid weighing at least 9.5Ib/gal (Railroad 

Commission of Texas, 1986). Due to the site specific geologic conditions present at 

Spindletop Dome, higher mud weights of at least 10.1 lb/gal are required in order to drill 

to the Frio Sand interval. 

Setting depths for cement plugs are dependent upon the construction of the well and the 

geologic environment. Wells abandoned with only surface casing should be plugged 

across the base of the lowermost Underground Source of Drinking Water (USDW) 

regardless of casing depth. When insufficient surface casing is set to protect all USDW s 

and such strata are exposed to the open wellbore, a cement plug must be placed across the 

exposed strata with an additional cement plug set across the surface casing shoe (Railroad 

Commission of Texas, 1986). When sufficient surface casing has been set to protect all 

USDWs, a cement plug must be set across the surface casing shoe (Railroad Commission 

of Texas, 1986). 

For wells abandoned with protection andlor production casing that have been cemented 

through all underground sources of drinking water strata, all productive horizons must 

have cement plugs placed inside the casing and cement plugs centered opposite the base 

of the lowermost USDW (Railroad Commission of Texas, 1986). For wells abandoned 

with protection and/or production casing set back to surface, the casing must be 

perforated at the depths required to protect all productive horizons and the lowermost 

USDW with cement placed outside of the casing by squeeze cementing (Railroad 

Commission of Texas, 1986). 

Wells plugged in accordance with these stringent cement requirements obviously do not 

have the potential to provide pathways for the injection-induced movement of fluids into 
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a USDW, and were not evaluated further for purposes of demonstrating compliance with 

the "Non-Endangerment" standard. 

5.2 Wells Requiring Additional Evaluation 

Wells that were not properly plugged with cement were evaluated further to determine if 

they required additional evaluation through modeling. These wells can be categorized as 

follows: 

those wells that are not deep enough to penetrate the Frio Injection Interval; 

or 

2 those wells that are geologically separated by sealing fault(s) or stratigraphy 

(Frio Sand truncation) from the active injection interval. 

This category of wells therefore does not need to be evaluated further. These additional 

evaluation sub-criteria are discussed in the following subsections. 

5.2.1 Well Depth 

Artificial Penetrations that are not deep enough to penetrate the Frio Injection Interval 

Sand can not provide a conduit for fluid movement and therefore do not require further 

evaluation. These wells are considered safe as abandoned for the Frio Injection Interval 

Sand. 

5.2.2 Truncated Frio Injection Interval Sand 

Artificial Penetrations drilled deep enough to penetrate the Frio Injection Interval Sand 

and located along the periphery of Spindletop Dome, west of the truncation point of the 

Frio Injection Interval Sand can not provide a conduit for fluid movement due to the fact 

that there is no Frio Sand is present. Since no pressure communication exists with the 

active injection interval, therefore, these wells do not require further evaluation and are 

considered safe as abandoned for the Frio Injection Interval Sand. 
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Artificial Penetrations that are deep enough to penetrate the Frio Injection Interval Sand 

and located south of Fault A, can not provide a conduit for fluid movement since the fault 

is sealed, and no pressure communication exists with the active injection interval. 

Therefore, these wells do not require further evaluation and are safe as abandoned for the 

Frio Injection Interval Sand. 

5.2.4 Well Construction 

For the purpose of this protocol, a properly constructed well is defined as a well in which 

the annulus between the borehole and a casing string has been effectively sealed by 

cement across and/or above the correlated injection interval(s), thereby preventing 

vertical fluid movement. Wells that were drilled into or through the injection interval and 

abandoned with protection and/or production casing left in the hole could potentially 

provide a pathway for fluid movement. If cement was not circulated to a depth above the 

correlated injection interval, only drilling fluid would provide the same resistance to 

vertical fluid movement as a mud plug in the wellbore. 

5.3 Incomplete Records 

Most of the data on the artificial penetrations in the Area of Review were obtained from 

state records kept on file at each specific state agency. Other records could be obtained 

from operators and companies. Wells that were spotted on Texas Railroad Commission 

Oil Field maps, or identified as having been drilled, were documented as being 

adequately plugged. In the event documentation is not complete, or inconclusive, these 

wells were then evaluated or modeled for possible vertical fluid movement utilizing the 

known data. In the event documentation is not present, a negative certification letter is 

provided by the Texas Railroad Commission documenting and reviewing all available 

records from 1919, indicating that no record of forms exist. This was the case with 

Artificial Penetration No. 331 where the Railroad Commission found no well records in 

their files, and a negative certification letter was then issued. 
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6.0 EVALUATION METHODOLOGY FOR NO-MIGRATION 

6.1 10,000 Year Plume Contact 

Artificial penetrations that penetrate the injection interval and are located within either 

the present day plume area, or the area across which the injectate plume is projected to 

move during a 1O,000year period, were evaluated for possible fluid constituent migration 

out of the injection zone. Artificial penetrations located outside either the conservatively 

modeled present day plume area, or the area outside which the injectate plume is 

conservatively projected to move in 10,000 years, were not evaluated because they can 

not serve as potential vertical conduits for molecular diffusion or migration of fluid out of 

the injection zone. 

6.2 Proper Plugging 

Wells abandoned with only surface casing in the hole should be plugged above the Frio 

Injection Interval Sand within the injection zone. Wells abandoned with protection 

and/or production casing across the injection zone are considered safe per the 

nomigration criteria if the following conditions are present: 1) Primary cementing--the 

casing has been cemented through the injection zone, or 2) Secondary cementing--the 

casing has been perforated and cement placed outside the casing by squeeze cementing 

above the Frio Injection Interval. Both conditions must be present within the injection 

zone or across the top of the injection zone. Wells not plugged in accordance with the 

above criteria were evaluated or modeled for potential upward molecular diffusion of 

injected constituents out of the injection zone. 

6.3 Active Wells 

Active wells, including shut-in wells, can be considered safe since they will be plugged 

according to state regulations upon abandonment. For purposes of this protocol, a 

properly constructed active well is defined as a well in which the annulus between the 

borehole and a casing string has been effectively sealed by cement across and/or above 

the correlated injection zone, thereby preventing vertical fluid movement. Active 

artificial penetrations not constructed in accordance with the above criteria were 

evaluated or modeled for potential upward fluid movement of constituents out of the 
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injection zone. Texas Railroad Commission and Texas Natural Resource Conservation 

Commission (TNRCC) personnel typically follow-up on the status of active (producing) 

wells especially if there is an annual status changes. 

6.4 Incomplete Records 

Most of the data on the artificial penetrations in the Area of Review were obtained from 

state records kept on file at each specific state agency. Other records could be obtained 

from operators and companies. Wells that were spotted on Texas Railroad Commission 

Oil Field maps, or identified as having been drilled, were documented as being 

adequately plugged. In the event documentation is not complete, or inconclusive, these 

wells were then evaluated or modeled for possible vertical fluid movement utilizing the 

known data. In the event documentation is not present, a negative certification letter is 

provided by the Texas Railroad Commission documenting and reviewing all available 

records from 1919, indicating that no record of forms exist. This was the case with 

Artificial Penetration No. 331 where the Railroad Commission found no well records in 

their files, and a negative certification letter was then issued. 

6.5 Offset or Other Disposal Operations 

If injection wells (waste disposal, saltwater disposal, enhanced recovery, or other) were 

found in or near the Area of Review, operation and completion records were obtained for 

those wells. Injection intervals and volumes injected were researched and subsequently 

modeled to show if significant pressure increases resulted from the additional injection 

source(s). 

6.6 Data Organization 

After collecting the information from the various data sources, a critical review of each 

artificial penetration was conducted. All artificial penetration records were examined to 

identify improperly constructed and/or plugged wells, along with other disposal 

operations which may exist in the Area of Review. After each data source was reviewed 

and pertinent data extracted, each artificial penetration was given a unique identification 

number. A base location map was built from all of the base maps showing each well with 

its identification number and its proper location. 
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Wells that do not meet Non-Endangerment and No-Migration modeling or evaluation 

criteria are labeled "potential problem wells" and could require possible corrective action. 

No corrective action plan is warranted since all wells meet the Non-Endangerment and 

No-Migration criteria at Beaumont Works. 

Should potential problem wells be identified, and should vertical fluid movement be 

calculated, then the following procedure is recommended: 

1. search for private or other offset records; 

2. locate and re-enter the problem well to plug properly; 

3. lower the injection rate to reduce pressure (head) driving force; 

4. recomplete the injection well at a greater depth so that the potential problem 

well can tolerate a higher pressure without fluid movement; 

5. recomplete the injection well in a reservoir deeper than the potential problem 

well penetrates; 

6. increase the density of the injected waste to prevent vertical fluid movement. 
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Appendix 4-5 

The Determination of Maximum Injection Pressure for 
Effluent Disposal Wells - Houston, Texas Area (Price, 1971) 
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PRE'ACE 

It is with a great deal of sa:isfaction that I present this 

paper, not only as an academic requireoen:, but hopefully as z helpful 
. 

contribution to some of the current bdustry problems. As might be ex-

pected, the pleasure derived in achieviDg a solution to such a large 

engineering problem was preceded at t~es with a feeling of considerable 

perplexity and frustration. However, I feel that the cost of this study, 

in terms of the time and money expe:lded, vill be justified by its useful-

ness both to me and to industry. As th:is study proceeded, I became aware 

of the major contribution of our ~~v~rsi:ies and particularly The Uni-

versity of Texas, in provid~g the ~echo1cal background and tools neces-

sary for this type of researc~. A goed example is the availability of 

the computer facilities at the [niversity on which more than 300 computer 

runs were made in the perfection of tee calculation technique shown here. 

All of the questions attached to lithe Detemination of Maximum 

Injection Pressure for Effluent Disposal ilells, Houston, Texas Area" 

have not been answered. But I feel that c. good beg1nnin& has been made. 

The method of images bas been u·tilizec ill conjunction with the Theis non-

equilibrium equation in the solution of nan-steady state flow conditions. 

This method was used because I felt it could best be adapted by most of 

the technicians involved in this work. It would be interestiDi to compare 

this solution to the reservo~r modeli~ techn~que recently illustrated by 

Van Pollen and Bixel (Reservoir Modeling (9), 011 and Gas Journal, May 11, 

1970 and Reservoir Modeling (10), Oil and Gas Journal, June 29, 1970). 

This technique involves a use of the fund~ental flow equations and the 

/. 
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equation of continuity as tile solution tools. The "reservoir" simulation 

is effected by use of a grid system. Other investigators have used the 

electrical analog model in exploring this type of problem. A comparison 

of each of these methods as to accuracy and adaptability should be made. 

I am grateful to Professor Walter L. Moore, Deparement of Civil 

Engineering and to Professor Ben H. Caudle, Department of Petr~leum Engi-

neering, for their assistance and helpful suggestions in the completion 

of this work. Mr. Robert B. Hill of the Texas Water Quality Board. and 

Mr. John T. Hays of the Railroad Commission of Texas provided helpful 

comment and expedited tile use of their records Which comprised the data 

source of this study. Mr. James Penrod and Mr. James Corley of Celanese 

Chemical Co. offered ve~: constructive suggestions in reviewing this re-

port. In addition. I ac~nowledge the helpfulness of Mr. 'Rang-Shun Liu, 

of Taiwan. who assisted in a portion of the computer programming. Mr. 

John ~elgard. petroleum engineer. has greatly assisted me over the past 

12 months with the gathering of data. its assimilation aDd the prepara-

tion of exhibits. Mrs. Belen Matula has expended many hour. also in the 

summation of the neces.ary data and in typing of this report. 
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PURPOSE OF I~~TIGATION 

Much concern has been expressed in the recent past concerning 

~e problems which have arisen or which cay arise as a result of subsur-

face disposal of liquid wastes in the industrial areas of our country. 

~cluded in this expression of concern has been a wide range of commentary 

ranging from the ar.m-waving declarations of the uninformed citizen to the 

bowledgeable treatment and discussion-of the problem, such as that sub-

~tted in the Geological Survey Circular HC-63l by Arthur M. Piper (10). 

P~per discusses some of the current unsolved problems and effectively 

p:aces the technique of subsurface disposal in its proper perspective. 

Many questions have arisen with the advent of waste disposal in 

tbe subsurface such as -- Will this waste eventually migrate to outcrop 

areas? How much waste input capacity is available in the subsurface for­

ma~ions? Are subsurface formations capable of withstanding the increase~ ) 

pressure effects due to inje~tion? and, Will the liquid waste under the 

pressure and temperature conditions in the zone of disposal change in 

chemical character or deteriorate due to adsorption or chemical recombi-

na'tion? 

Some of the problems which may arise from the conduct of unsu-

pervised aub.urface disposal are: 

(1) Updip encroachment of liquid waates into fresh water 

horizons; 

(2) Fracturing of adjacent fo~tions and migration of the 

liquid waste outside the zone of intended confinement; 
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(3) Crea~ion of excessive reservoir pressure such that 

ear~hquake effects are created. 

A complete inves~igation of all of these phenomena is tmpossi-

ble in a single s~udy such as ~h1s, bu~ a beginning iDVestiga~ion has 

been made and is presen~ed here. The mos~ frequent ques~ion raised when 

considering the process of subsurface was~e disposal is ~he question of 

what pressure effec~s are crea~ed and wha~ alteration of existing hydro-

dynamic gradients takes place in the zone of disposal? It is well known 

that the injec~ed waste effectively displaces the original connate water 

in ~he area of ~he 1njec~ion well but the magnitude or extent of the pres-

sure effect thus created has been investigated by very few. The primary 

purpose here was to' ~ake computa~ions'defin1ng ~be pressure capacity for 

subsurface disposal i~ the Upper Frio and Lower Miocene horizons of the 

Hous~on industrial area. The term "pre.sure capacity" in this case is 

def.ined as that capaci~y, in ~erms of rese~oir pressure increase, to 

which these zones may be subjected and the corresponding injection vol­

umes which may be d!.posed upon reaching thi. pre •• ure limitation. It is 

desirable to know too, that if exce •• ive injection pre •• ures are antici-

pated or created, then what injection procedures should be formulated to 

avoid Such a pre.aure buildup. 

The pos.ibility of pressure parting along old fault planes due 

to pressure buildup .is not treated separately here since the magnitude of 

pressures created by injection are not sufficient to overcome existing 

earth forces. Sheets and Weaver (12, 19) report on the existence of ac­

tive surface faulting in ~he Houston area, but no injection well has been 

permitted within proxtmity of such faulting. An area map, Figure 1, 
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shows the general location of the known surface faults together vith a 

contour map on the base of the fresh water interface in the Houston-

Galveston area (20). 

Computations on the injection-pressure capacity of a Miocene 

interval in the Houston area were made where data for interpretation is 

available and where major injection programs will possibly take place. 

The Houston industrial area in this paper is described as that area ex-

tending from the City of Houston, Inc. and the Houston ship channel, 

southward through the Texas City industrial area to Galveston, covering 

portions of both Galveston and Harris counties. During the last 10 

years there have been 25 permits granted for disposal and 12 industrial 

disposal wells completed in this area. Figure 2 shows the location of 

these injector permits and Figure 3 shows ~he permitted injection depths 

together with the completed injection intervals for those wells which ~ / 

have been constructed. Current (July, 1971) disposal volume is esti-

mated at a rate of 2300 GPM. 

The effluent disposal volume doe. not include that volume of 

produced salt water disposed from oil fields in the area into zones 

which are non-productive of oil and gas. Th;l.s latter volume is esti- . 

mated at 1400 GPM as of July, 1971. If all of the permitted industrial 

disposal vella bad been constructed, the permissible injection volume 

for the ar .. would exceed 5000 GPM. The combined current injection 

rate from oil field and industrial sources is 3700 GPM. 
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GEOLOGICAL INVESTIGATION 

The first major task facing any i.tIVestigator vhoattempts to 

define this problem is that of defining the container or "aquifer" into 

~~ich subsurface disposal will occur. !be major zones of disposal in 

the area are the Frio and Miocene formatio~ of the Tertiary Systen. 

All of the sed~entary rocks have been deposited vi thin the last 30 mil-

lion years with deposition and sedimentation cont~uing to this time. 

These rocks slope gently seaward with a dip-rate of 100' per :ile on the 

base of the Miocene formation and a dip-rate of 140' per aile on top of 

the Frio formation of Oligocene ocLles. This is sho~ in the north-

south cross-section, Figure 4. It appears fram study of electric logs 

and published data tha~ the sediments reacb an outer lfmit and appear to 

be closed by shale deposition fram direct coamunication with Gulf waters. 

Rogers -(11) explains the mode of deposition in the Marginulina- C- ) 
Frio series in which the sand, silts and· c1ays have a maximum sand devel-

opment with sand splitting up and going out into shale both landvard and 

Gulfward. Down-dip the change is from a nearly solid sand s~ction, to 

broken' sands in the Marginulina and Upper Frio, and finally to shale 

lJith little or no sand. This phenomena is further illustrated ill tvo 

study group reports published by the Houston Geological Society on the 

stratigraphy of the upper Gulf coast of Texas. These studies vere pub-

lished in 1954 and 1959 (6). Timm and Maricelli (16) describe a three-

fold cycle of deposition for the Miocene series of southwest Louisiana 

(also southeast Texas) in vhich there is: 

16 
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(1) A rapid transgressive phase with deposition of a thin 

limey section ("transgressive" meaning landward movement 

of the seashore); 

(2) An inundative phase slowly depositing a thicker marine 

shale section; and 

(3) A prominent regressive phase with rapid deposition of a 

massive section of intertongued non-marine arld marine 

sediments. 

Others describe the regional deformation occurring during the 

time of deposition in which contemporary faulting with deposition and 

Qajor upthrusting salt movement have broken the area into a veritable 

"jigsaw puzzle" of ~locks which have varying degrees of communication 

between them. The :ower Frio horizon exhibits a greater degree of broke-

ness and faulting due to longer exposure to earth stresses while both 

the Frio and Miocene formations exhibit 1 ~ss °brokeneas with decreasing 

depth as they approach the Houston, Incorporated city limits. 

All of these phenomena were observed u a reaul t of a regional 

study and mappina, with the aid of published structural maps and elec-

tric log correlations. The pattern for the major structural features of 

the subsurface wu obtained through the courtesy of the Geomap Co. of 

Houston. Texas, and the detail mapping of the structural horizons was 

cc=pleted with the aid of electric logs. Structural .aps were prepared 

on the top of the Frio formation, the base of the Miocene formation, and 

on a marker near the top of the Miocene formation. Approximately 200 

electric logs were utilized in this study which in the writer's opinion 

afforded ample coverage of the major structural features. 



C30:CE OF STUDY AREA 

d d h 1 C 
A study area was selectee .nich provi e t e most camp ete ~-

jection history available in tee area. This area surrounds the Celanese 

Chemical Co. plant, Clear Lake, Texas, .~ich has maintained a pressure 

coni tor well 6,250' west of ~ts injec:ion operation, since they com-

=enced injection in 1967. Bac~se insufficient surface casing was set 

in the completion of oil wells in the Clear Lake Field located 10,000' 

~est of their waste disposal wells, ~e monitor well has been maintained 

to insure against excessive pressure buildups in the vicinity of these 

~ells. The pressure monitor~g we~~ ~as required as a condition in per-

mitting the drilling and comple:ion of effluent disposal wells E-33, 

£-45 and E-69. :~e location of tbese wells.is shown at the center of 

the dashed c~rcUlar area on F~~e S. The pressure monitoring well i~ ) 

shown to the westward, opposi~e the .Clear Lake oil field. .~ 

The pressure monito=1~ well provided by the Celanese Chemical 

Co. is the only well of this type cons~ructed in the area by which con-

tinuous pressure observation can be ma:1ntained. Fortunately, the pres-

ence of this well and the date.. from it has enabled a comparison of 

pressure respon.e which otherw-ise would DOt have been possible. All of 

the injection data necessary to :his s:udy was obtained fr~ records of 

the Tuu Yater Quality Board and the Railroad COIIIIlission of Texas. 

Electric log records were made available through the courtesy of the 

Houston Log Association Library. 

The study area selec~ee for pressure buildup calculation is 

shown in Figures 1 and 2 and exte:cds from the Houston ship channel 

19 
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southward approximately 18 miles with a width of 16 miles. This is an 

area of concentrated industrial development and by coincidence, the area 

overlies a series of thick Miocene and Frio sand bodies which appear 

quite suitable for waste disposal. Both the Miocene and Frio injection 

zones of the Houston industrial area can be divided into distinctive sand 

intervals when considering the selection of specific zones for injection. 

The Basal Miocene zone considered in this study is a massive sand inter-

val of approx~ately 300' thickness in the study area with thickening to 

500' in the Texas City area. This zone has been selected more than 

others for dis.posal purposes since it is relatively shallow in depth, 

5,000' - 6,000', anc ~as greater permeability than the deeper Frio hori-

zon. The Miocene sand interval in the study area is separated laterally 

-
several miles from the nearest fresh water interface and the injection 

ar:ea permitted by the Texas Water Quali~ Board i& further separated 

from the fresh ~ater area by major regional faulting extending in an 

east-vest direction. Along the north edge of the study area (the Hous-

ton ship channel), the Frio formation is utilized for disposal prtmarily 

because of a lesser number of well penetration. and because it too is 

removed laterally many miles from the nearest fresh water interface. 

The Miocene iDterval overlying the Frio thins rapidly north of the Hous­

ton ship channel and is unsuitable for injection. 

After the structure and isopach maps were prepared, as shown 

in Figures 5 and 6, a fault block map was. constructed (Figure 7) for the 

study area in order that the fault system could be adapted for pressure 

buildup calculations. The sand thickness or isopachous map was prepared 

:,~. estimating .the total sand thickness within each electric log which 
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~as considered to be in hydrologic communication. Any shale separation 

~hich could not be correlated over the area was not considered sufficient 

to prevent hydrologic communication. This procedure is demonstrated on 

the cross-section, Figure 4. 

A future study area is shown in Figure 2 in the Texas City 

vicinity. Time did not permit the inclusion of this area in the pressure 

calculations. Similar geologic conditions would be exhibited anywhere 

between the Houston-Galveston limits, but variations will exist in the 

size of the fault blocks, the transmissibility of the sands, the areal 

extent of the sands, and the sand thickness. 

c./ 



METHOD OF CALCULATION 

Mue+ler and WithersPQQn __ (9.) present an interesting diSCUSSiO~~ 
of the available methods for calculating the pressure interference ef­

:ectS within reservoirs and 'aquifers due to production or injection. 

7he solutions of Mortada and Theis (15) are both based on the diffusiv-

ity equation as applied to the case of an infinite radial system subject 

to a constant terminal rate. The equation is obtained by combining the 

:.: ~Jtcrial balance equation with Darcy's flow equation. The Theis approach 

e=ploys the exponential integral and is valid for pressure conditions 

that occur some distance away ft~m ,he flow disturbance. It is derived 

from the concept of a pOint source as opposed to a flow across some fi-

nite area. The Hc~:ada results on .the other hand are valid at all points 

~ithin the reservc~r or aquifer. In the paper, these results are pre­

sented in terms of dimensionless ratios of the radius where the pressu~. ) 

is desired, to the radius where the flow rate is measured. Their main 

use in the past has been in aquiier studies rather than utilization in 

oil reservoirs. 

Quoting further from Mueller and Witherspoon, the mathematical 

for=ulation of the point source solution and its resultant exponential 

integral are due to Lord Kelvin. Theis however is apparently the first 

to demonstrate bow the point source solution could be employed in the 

&nalysis of a non-steady-state flow problem. In recognition of his early 

.ork, the exponential integral solution is normally referred to in the 

Held of hydrology as the Theis solution. The variable "X" is defined 

in the Theis solution as a dimensionless quantity iuversely related to 

C 
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tice. "X" is the independent variable in the Theis solution and the in-

tesral value or dependent variable is related to the dimensionless pres-

sure drop. A comparison of the dependent and independent variables ~ith 

those of Mortada and Van Everdingen and Hurst are shown in Table 1 as 

adapted from the Mueller and Witherspoon paper. They conclude that for 

all radius ratios (~here rd - r/r~) greater than 20, the Theis solution 

adequately gives the pressure drop after any practical time. The Theis 

equation and the solution of the exponential integral are shown belo~. 

114.6 Q f e-u 
PR - du (1) 

1]. u 

u - 1.87 R2S/1]. (T.) 

PR - Dra~down or buildup, feet, at a point in the well area 

Q - Recharge or discharge of the well, gallons/minute 

!§. - Transmissibilfty, gall~~c/day/foot 

R - Di:stance to .monitor poiut, feet 

S • Coefficient of storage, dectmal fraction 

T - Time, days since 'injection st~ted 

~. e-u ... (2) 
du - W (u)- -0.577216 "!!~ u+u 

u u2 + u3 u4 + - 3.3! 4.4! 2.2! 
- u 
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. TABLE 1 

COMPARISON OF DEPENDENT AND INDEPENDENT VARIABLES, 
THEIS EQUATION 

Dimens ionless Dimensionless Dimensioned 
Inde2endent Variable De2endent Variable Pressure DroE 

2 r ~ pc qu 
Theis X • Ei(-X) Ei(-X) 

4kt 4'l'r kh 

~ortada, and kt qJ,1 
van Everdingen tD • 4Pz> ~PD 
and Hurst ~ )lcrw 2 21Tkh 

" (Eq. 7.) • 
tD (Mort ada) 

2 
. . . . . . . . ... . . . . . . (8a) 

r D . 

From the above, it can also be seen that, with reference to the Theis 

solution, 

1 
,,(Eq. 7) • • • • • • • • • • • • • • • • • • • • (9a) - 41 

and 

lie-X) 

2 • • • • • • • • • ••••••.•.• .• (lea) 

. / 

o 

~ ) 



( 
\. 

Pressure buildup due to injection at variable rates was then 

co:puted as: 

"'here: 

114.6 r>.~ 
A·Q2 W(u) 2 - + 

b.Q2 • Change in injection rate from Time 1 to Time 2. 

1.87 R2S 
• 

• 

(3) 

T2 c D~~ation (days) from beginning of injection to the 

t~e when the second injection rate began. 

Ferris (3) gives an excellent discus.ion of the solution of 

~quifer problems utilizing the method of tmages and the Th~is solution. 

28 

;., cocplete 8olution of the method would not be pracd.cal without computer 

;lUBe, but nev~rtbelu8 the method of imaae. 18 the cmly tool by which 

a?proximatioDS of prusure buildup or dr.wdown can be.made relatively 

qo:1ckly utilizina only & slide rule or desk calculator • . This method has 

~een adapted for the solution of pressure buildup due to waste disposal 

i:l the Houston area. 

Each fault block was described by inputt1Dg the coordinates 

for a closed polygon with a numbering system which describes those fault 
I ' 

.1:leS, or space lines, common one to the other. SiDCe the fault lines 

:'C?feSent barriers to fluid flow, imaginary wells or "images" are 
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"l"ed across the fault ~d opposite from the real injec~or to dupli-
~tl 1% . 

cate hydraulically the effects 0:1 the flow patter.n caused by the physic ____ _ 

~arrier. Ferris (3) explaiI:S that lithe finite flow system is thereby 
. 

transformed by substitution ~to one involving an aquifer of infinit~ 

areal extent in which several real and imaginary wells can be studied by 

:eans of the formulas alreacy given. Such substitution often results in 

si:plifying the problem of ~a1ysis to one of adding effects of ~agi-

:1at"y and real hydraulic systec:.s in an infin1 te aquifer." 

To facilitate usage of the method of images,faul% lines hav-

ing dog legs and curvature lOere simulated by averaging with straight 

lines such that intersecting fault angles of more than 900 would not have 

:0 be cons idered. :~ e me thod of images requires th~ placl!lltent of image 

"'''ells such that a s::::::letrical pattern is created with no image wells ap­

?earing inside -the faul t wedge desired for pressure calculation. This l ) 
li:itation restricts conside:a~ion of f~u't angles to those angles which 

"'"hen divided into 3600 yield a quotient which is an integer number. Al-

:hough in some instances tb:f.s requirement causes a slight .erTor in the 

:agnitude of calculated pressure buildup values, ita effecttveness is 

. ~ot diminished in a fault system contain:1ng several fault wedges since 

:~e errors· become compelsatUg. Figure 8 shows a real injector inside a 

:Ault wedae whoae angle is 69.10 • Division of thi. angle mto 3600 indi­

c:ues that 4.2 image wells w"U1d be required to balance the pressure 

:uildup caused by injection in:o the real well. This is UDpossible to 

C:~:lstruct aDd four image wells are located as shown. The calculat.ion in­

side a fault wedge of 900 would require the use of four we11s ~th three 

i:age wells located outside tile angle in balancing the one real well L 
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le A faul~ yedge of 800 yould require 3-1/2 image wells, :~s:de the ang • -

_ ••. c ~he real well (whicb is impossible ~o cons~ruc~). The neares~ in-r---
:efer angle of 720 , yielding four image wells plus ~he real yell, mus~ be 

. 
~:::i%ed. Wherever ~he quotient was a fractional number, the number of 

::age ~ells was selec~ed as ~he nearest yhole number. 

The basic me~bod of buildup calculation was carried out by 

:~~lt block areas where the pressure effect of injection into each area 

~~s determined. Figure 7 shows the adaptation of the fault lines and 

:~e space lines in comparison with the real fault outline. Coordinates 

c: each line intersection are sh~. The increase in piezometric head at 

each :onitor point was accuoulated from the effect of injection by each 

:-ed ..... ell and each 0: its il:.age wells. in the fault block system. An ex-

£:?le computer printout of each successive step for an image well is 

s~a-~ as Table i. 

Each line of the iaul~ block p:'ygon was subdivided into 500' 

:~:r~ents. and the pressure buildup determined at each of these points. 

:~e -eighted average buildup, PRBAR, was determined for each line and 

::s center o~_lravity· .. l~ated aloDl_ th~_line. after which the radial dis­

:..:ce from this point to tile real injector ~as determined. To determine 

:'::e outflow from each fault line (where space lines exis;ed, or "ilere 

:::e :aulta are leaking), an "n" factor wa. calculated for each line 

··:-'!ch "'.I_.~i!~ctly proportional tc? the tranami •• ibilin across the fault, 

?~ the pressure buildup, PRBAR, and inversely proportional to the well 

:~~::ion. W(u), from the Theis equation. A summation of these factors 

:-~:- uc:h line, ST1UU (NP), and f 11 i d li ~nn or a requ re nes around the polygon, 

!~n.! t yields the "F" fa"tor fl f ~ or out ow actor. 

( J 
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The "F" factor represents tha1: fraction of the total fluid 

outflOW from tbe fault block which will pass through any individual line. 

A su:cation of the "~' factors for any individual block would equal 1.0 

or unity. 

Figure 9 iLlustrates the procedure by which the pressure bui1d­

~p is calculated at a monitor point outside a fault block Where injection 

is occurring. Fault Line 1 of Figure 9 is assumed in this illustration 

to be a 1eakina fault :::rough Which fluid is transmitted from Fault Block 

2 into Fault Block 1. :low distribution lines are shown extending from 

Injectors 2 and 3 in Fault Block 2 through Line 1 and thence to the two 

aesi'ud monitor points JD-1 and JD-2. ,!~ .. determination of the outflow 

factor "F" across Litle 1 was discussed above and the cumulative outflow 

volume "QA" is dete~ned as: 

QA • F.z QT (7) 

~here QT 18 the cumul.ative total injection into Fault Block 2 at the time 

tne pressure cleterm.1l::aation is desired. 

A fractional pressure value, RATIO, was determined for each of 

the points 1-8 on Line l: 

RATIO (2) • ~PS (2)/~~R (8) 

~here PS (2) equals the total pressure buildup at Point 2 due to 
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injec~ion from Injec~ors2 and 3, and: 

~PR - ~PS (1) + £PS (2) -- + ~PS (8) (9) 

Summa~ion of all ~he fractional RATIO values along line 1 would, 

of course, equal 1.0 or uni~y. 

Having de~ermined ~he RATIO values for each image well point 

along line 1 (loca~ed a~ 500' in~ervals) and ~e total outflow through 

line 1, QA, the individual injection rate for each tmage injector was: 

Q(2) - QA x RATIO (') (10) 

The pressure buildup at each monitor point 1 and 2 was then de-

termined by use of the :~eis equation by" s~ation of the pressure build­

up effect from each of =~e imaginary injectors along Line 1. 

Use of the method of images in calculating pressure buildup or ~/ ) 
pressure drawdown has been previously ::.a_ where the fault system was 

considered as completely "sealing (non-leaking) and extending" in an in-

finite direction away from the real producing or injecting well (refer­

ences 3, 17). Since neither of these conditioua is often encountered, 

corrective procedures were formulated to ac~ommodate the actual condi­

tions. Ideall,. a real well inside .. fault vedae extend1ng to an infi­

nite length would be balanced by tmage wells of ~qual injection volume. 

But injected fluid. through an injector located near the end of a fault 

would bypass around the fault since this is the path of least pressure 

resistance. An tmage well placed opposite this injector vould not have 

an equal injection volume due to the bypassing of fluids. Thus where 

the end of a fault was known, as i~ intersected a space line, the 
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injection volume for an image well outside the fault wedge was =educed 

by a factor, Rl. This procedure is illustrated in Figure lOt \'-:tere the 

end of a fault extending from the upper left is shown at Point A. By 

observing the location of the injector wells in sequent~al orde=, one can 

see that the image reduction factor, RI, diminishes to a very ~ll num-

ber as the real injector is located further fram the open end 0= the 

fault wedge. Line 2 is a space line connecting the two nearest points 

of the fault lines which define the fault block. The location of a real 

injector with respect to the space line determines the ~div1dUAl fault 

block in which imaging of the real well will be considered. Inside the 

fault wedge, the RI factor is calculated as: 

Rl 
(AP(l)] 2 

- 1 -.----
tAP(2) " 2 - - ., 

(11) 

A real injector located past t~· end of a faUlt line is offset 

by an image well whose reduction factor is calculated as: 

RI .- iAP (2)1 2 

LAP{l) j 2 
(12) 

as shown in Figure 10. A real injector located inside the spot-:ed tri-

angular area is balanced by an image well whose reduct1cn facto= is 0.5. 

As the RI value becomes very small, the injection rate for an ~ge well 

is necessarily reduced to zero for all practical p~rposes • . This vould 

occur in the case of an injector in a continuous and iDfinite sand. 

The computer program was set up so . as to consider. my fault 

line as either leakillg or sealing. The leaky fault was simulated by 
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consideriog the transmissibility across the fault as being proportional 

to the net sand thickness remaining in juxtaposition across the fault 

plane after faulting occurred. Thus a 500' sand interval which is bi-
. 

sected by a fault having 300' of throw,would have 200' of net sand re-

maining in juxtaposition. A similar effect is created by placing a 

"partially penetrating" image well, Q2, opposite to and equidistant from 

the fault line of an otherwise fully penetrating injection well as shown 

in Figure 11. An image well with an injection rate equal to the differ-

encebetween the fully penetrating well, Q, and a partially penetrating 

well, QP (at the same location), was placed opposite the real injector 

equidistant to the fault line. Where a fault wedge was considered with 

each leg having a different leak rate. then the tmage wells were calcu-

lated alternately across each line until the full number of image wells 

was satisfied. The formula for determining the injector rate through a 

partially penetrating well was adopted'f4~m Todd, Page 107 (17). 

A convergence procedure was formulated for computer use, such 

that input data (fault leakage and transmissibility) could be varied 

until the calculated "transmissibility and fault leakage rate created the 

desired pressure buildup at a given monitor point. Each fault block must 

be hand-tailored so as to avoid repetitious calculation of the image 

wells and to instruct the computer as to whether or not the fault line 

was considered as terminal or infinite. Typical RI values and QP values 

are shawn on the printout Table 3. These ' calculations are from Fault 

Block 2. 

r 
\~ . 
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PRESSURE BUILDUP CALCULATIONS 

.The presence of the pressure monitoring well at the Celanese 

Clear Lake plant affords the first opportunity in the area to compare 

calculated buildup values with measured field conditions. Figures 12 and 

13 compare the monitored fluid levels with the calculated fluid levels at 

the monitor well under varying geologic conditions and rock properties. 

After 14 months of continuous injection into Well E-33, the 

monitor well pressure stabilized at 22.5 feet increase with the injection 

rate having been maintained very nearly stable at 150 GPM for the period. 

The rapid early response of the ~~"l~or measurements to injection indi­

cate that the m~nitor well was perforated opposite one of the more per­

meable zones in the i~~ection interval "and responded quickly to fluid 

injection. Thereafter, as this zone was pressured, other intervals began 

taking a larger percentage of the fluid waste. Variations in the fault 

leakage rate and the transmissib~litywere permitted in the computation 

until" the proper combination of variables caused the calculated fluid 

level rise to match the measured fluid rise at the end of the 14th month 

within a tolerance of t 10%. The variation in fault throw was t 50% for 

each computer pass, vhile the variation in transmissibility vas ± 10% for 

each computer pass. Thus, the fault system could be brought quickly to 

a closed or OpeD position while the variation in transmissibility re­

mained small. As can" be seen from Figures 12 aDd 13, many combinations 

of variables can be utilized in matching the early fluid level history 

from the monitor well. The final choice as to the most likely values 

must be dete~ined by consideration of the known geologic conditions and 
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rock proper~ies • 

. Geologic con~rol for subsurface mapping is excellent in ~he 

area from wells which have pene~ra~ed ~he Miocene horizon and the mapping 

as shown on Figure Sis taken wi.~h confidence. R.egional considera~ion 

indicates ~e presence of long eas~-wes~ trending fault systems both 

north and south of the area. Core analysis from the injec~or well indi-

cates a permeability of 452 millidarci •• or approxtma~ely 16 Meinzer 

uni~s per foo~ a~ ~he aquifer ~empera~ure of 1400 • This air permeability 

analysis was determined in ~he labora~ory of United Core, Inc., Hous~on. 

Texas. With these known conditions in mind, the best calculated fi~ of 

~he computed data to the measured da~a was obtained in Case II where 

three sealing faults ~=e indicated, with an area transmissibiiity of 4860. 

The computec values give a good correlationvith the measured 

data through the period February, 1970, at which ttme a departure in 

measured and computed values is observed. ~everal factors could account 

for this includina: 

(1) Perforation. in the monitor vell have become plugged and 
. 

are DOt responsive to the fluid injection; or additional 

perforat1oDS are required; 

(2) Zonas haviDi successively less transmissibility are re-

ceivinl fluids and the 300' injection interval is not yet 

responsive as a unit interval: 

(3) Errors in recording the fluid volume injected and/or the 

fluid level monitoring mechanism, could cause the devia-

tion; 



(4) The character of the injected acid fluids may have 

increased the transmissibility of the formation. 

With additional monitoring and injection experience, a good 

corralation betveen calculated and measured fluid level values would be 

expected. 

45 

An electric 101 correlation is shown on the cross-section, 

Figure 14. between the monitor vell and the tvo injectors, E-33 and E-45. 

A po.sible correlation of the individual sand lenses is shown, but the 

m&lnitude of the shale intervals separating them would not be expected 

to prevent hydrologic communication over a period of time. 
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SIMULATED INJECTION SYSTEM 

. . ~ 
. A hypothetical Miocene injection system was set up in the fault 

blocks surrounding Fault Block 1. This injection system is shown in Fig-

ure l5 .witp the location of expertmental injectors and monitor points at 

which fluid level increases are calculated. The ~chedule for commence-

ment of injection into each well is shown on rieure 16 with three in-

jectors commencing the first year of a fifty-year injection period and 

increasina to a total of 17 injectors at the beginniua of the 18th year. 

Each injector is begun at a rate of 100 GPM with a yearly increase of 2%. 

It might be added here, :~.t the Tex .. Water Quality Board has 

not permitted the intensity of injection simulated here into any single 

horizon. Since 1967, only five wells have been pe~itted to inject into 

the Basal Miocene memoer with only three wells baviDl been completed. 

Well E-50,for i~stance (Figure 7), is permitted to inject only into t\: 

Frio. horizon and all of the permi~ted Miocene injectors are ltmited as.to 

permissible fluid level rise. Di&regard1n& these limitations, it was 

desired to determine the magnitude of pressure buildup in the area under 

an accelerated injection progr~ • 

. '!heruults of the computatio~ are shown in Pipres 17, 18, 

19, 20 aD4 21 with the maximum . ~d min11llUlll pr .. sure conditions and the 

areally va1abted pres.ure conditions for .. ch faUlt block. Figure 22 

show. the czpected pr ... ure performance in Monitor Well S, Block 1. if 

this hypothetical program were realized and as influenced by the fluid 

inflow from Blocks 2 aDd 4. The sand thickne.s, transmi.sibility and 

storage coefficient for each block area were as follows: 
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TABLE 4 
( 

ROCK PROPERTIES '~'.----

STORAGE 
SAND l1iICKNESS TRANSMISSIBILITY COEFFICIEN'I' 

BLOCK ST TS S - -
1 306 4860 .001 

2 258 4128 .001 

3 169 2704 .001 

4 298 4768 .001 

5 380 6080 .001 

By use 0: ~he Theis ma~ch poin~ method. the storage coefficient 

S. for Block 1 was calculated to be very near .001 as determined from the 

c early buildup data at the monitor well. This value is higher than ex-

pected. but nevertheless within the realm ft~ possible saad and fluid 

properties. !be same 5 value was utilized for the pressure buildup. cal-

culations in the adjacent fault blocks since.its variation is minfmized 

as a logarithmic value. An i~terutiDi cOliparis011 is avaUable however 

in observtnl the volume of injected fluid in stor .. e in each fault block 

area a. compared with the cumulative injected volume at the end of the. 

fifty-year iujectiou period. This data i. shOVll in Table S. The volume 

of waste fluid calculated to be in stor .. e was detemined by use of the 

storage coefficient factor which was adjusted 1u the same proportion as 

the sand thickness for the particular block bore to the saud thickness j 

Fault Block 1. The variation in perceutale of stor~ fluids as a result 

of compression of the rock material and the fluids present varied from 
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7 ~o 31% in the various fault block areas. Thus a small error would be 

in~roduced in calculating the pressure effect of one block on the other 

if the entire injected volume were assumed to outflow from the block. 

Faul~ Block 2 which demonstrated the highest areally weighted 

buildup pressure, also reveals the largest amount of fluid in storage. 

This calculation implies that with the pressure buildup in the fault 

block approximately 31% of the total injected fluid is stored in Fault 

Block 2 due to compression of the reservoir rock and original fluid. Of 

course, all of the injected waste is stored in the area surrounding the 

waste disposal wells bu~ after 50 years of injection into Block 2, 69% 

of the injected waste has provided storage space for itself by displacing 

its equivalent vol~e outside the block. The 31% vaste balance has pro-

vided its storage s?ace by virtue of compression of the rock and fluid 

material in Fault Block 2. 

During 'the fifty-year injection ~~riod for the simulated study. 

a total of 67 billion gallons of vaste fluid vas injected. Approximately 

11 billion or 16% was stored due to fluid and rock,campressibility ~hile 

storage for the remaining 84%. of the waste fluid was provided in the in­

jector vicinity by displacement of the original fluids. Had the five 

fault block areas been a completely closed system, then of course all the 

or1liDal aDd injected fluid vould be stored inside the area with a cor-

respondinaly hiaber average buildup presaure. Only a few isola~ed areas 

in the geologic horizons studied were fouDd to be completely closed. 

Thus. as would be expected, if injection were stopped, fluid migration 

out of the area would occur over a period of time until pressure equal i-

zation occurred between the injected area aDd its outlying provinces. 

~~------
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After 50 years of injection experience from the five block area 

the piezometric rise at Monitor Well 15, Fault Block 1, would have in (~ 

creased 634' from its original level representing a pressure increase of 

approximately 296 psi. A comparison of the increase in piezometric head 

in each of the fault blocks is shown in Figure 23 as a function of the 

net sand volume at the time each block had received a cumulative injected 

volume of 7.5 billion gallons of fluid waste. Fault conditions surround-

ins each fault block area were selected at random and these conditions 

are shown on Figure 15. Thus from Figure 23, it can be seen that there 

is no correlation between the expected piezometric increase and the size 

of the fault block into which injection takes place. Figure 24 combines 

the study results i~ a different fashion by comparison of the areally 

. weighted pressure i~c=ease and cumulative injection into each block. , 

Each curve terminates at the end of 50 years. Tables 6, 7, 8, 9 and ( --.---
show the computer results (printout) for a.~h block area. Table 11 is an 

example printout from Block 2 showing the 1m .. e well locations and Table 

12 is a printout of the pressure buildup data from adjac.n~ Fault Blocks 

2 and 4 as measured at the monitor points in Fault Block 1. 
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III - Counter for r.1I.uhtlva tI." r"r 10.1 
J - l"le well nu.ber 

JJ - N~er or r •• l Injector. 
JD - Monitor point nu.ber 
QD - Incre.ent.l dl ffe ... nca In ... te of ... cha .... 

or dtechar.e. lpe 
TS - Avere.e trene.leetbility of eend In feult 
-- block. leI lone/dey/foot 
HP - HUMber of fault line 

- Outflow fector r 
QA 

leE 
QT -

- Outflow ecroee Individual line 
Feult block nuaher or area nu.ber 
CUMuletlve In'rctlon - .11 InJectore 
thh block 
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Stlt -

1.)-

J -
JJ 
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Monitor 'point nueber 
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TABLE 12 

SUHHATION 0' PIISSURE BUILDUP. SUNT. PROH ADJACENT 
BLOCKS (2.4) AT BLOCK 1 MONITOR POINTS (JD) 

'J~.5l6 JO. 2 KJ.lj1 IrE- I 

146.lll JOa 1 IC 3.-; I I r:f. a 

109.lU6 In- .. tc laS I rrr. 1 

DEFINITION OF TERMS 

IIZ-IHI JO. 5 ICl-51 'cr. 
TI - Fault trana.iaaibility 

I IA - Counter for designating contributing line 
BLIN! - Length of leakina fault line or apace line 

SUHT - Total preasure buildup at .onitor point 
SUHPRS - Preaaura buildur contribution fro. ftdJa-

cent fault blocka 
JD - Honltor point nu.ber 
KJ - Counter fo(' cu.ulativfl tlJReperlod 

96.J58 In- 6 tcJ_~1 ICE- I IC! - Fault block n~be~ or area nu.ber 



DISCUSSION 

No conaideration vas given to the gravity effec~ or hYdro( ") . 

head in the hypothetical buildup case just presented. The :.a:ximum gravi· 

ty head can be added to any individual monitor point for a ltDre exact 

solution. The concern _here was to determine the pressure e!fect of in-

jection and not to consider t:he forces already balanced by nature. 

The s~udy area shows a maximum structural relief of approxi-

mately 1,000' in an indiv:1dual fault block and a minimum relief of 400'. 

The path of t:he effluent.waste in an injection ar.a is toward the area 0 

least hydr08tatic pressure relati .. .: .. .:> its location. This "'"ill usually 

b. reflected in increased vell-head injec~ion pr.ssure (neglecting fric-

tion) equivalent :~ the h1~e.st hydrostatic head actina alabst it. M 

these pr ••• ures beco=e equaliz.d (up-dip and dOWD-dip) , then a truer 

radial flow pattern is developacl. c 
In most of the area the iravity haacl is small and can be ue-

glectacl for diatmcu in the range of two to three 1111... As an example 

the top p.rforatioDi in Injector E-33 are 43' below the bottaD perfora-

tiona in the moutor w.U, ~t an iner .... in piezometric head in the 

moutor vall v .. detected almost imIIecliately. The _lls are 6,250' 

apart. nd.a reflecta the pressure responae in a fluid-fUled system 

wh.re the. effect of storale due to ccapre •• iOD i. very _&11 vithin the 

maautwle . of early pr .. sures ob.ervacl in the .tucly. 

Sheet. (12) d .. crib .. the ca.e of two active surface faults it 

the Boueton· ar .. vhich can be trace to the .ub.urface depth of the Bas. 

Miocme. The •• fault. are located in the FairbaDb OU Field and the 

69 c 
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Clineon Oil Field which are norehwest and east of Houston respectively. 

The fault movement is continuous and reaches a rate of approxtmately one 

inch per year. Sheets contends tbae these faults are caused by uplift of 

relatively plastic salt as opposed to rigid basement rocks as in other 

areas. He discounes the effect of surface subsidence iD the area (due to 

ground water pumping) in causing active surface faultina. but concedes 

that such surface warping may have eriglered or accelerated the surface 

movement of some of the active faults. 

The placement of an injection well very near the subsurface 

location ofa fault should certainly be avoided siDce the differential 

pressure exerted on the formation at this point may reach several hundred 

pounds per square i~ch. It is intere.tiDa to observe (Fiaure 1) the gra-

dient profile of the fresh water-salt water interface iD the area as this 

interface approaches ehe seashore. Winalow, .Doyel aDd Wood (20) describe 

the.seaward profile of .ground water in tb. 4ouston area .. it approxi-

mates the profile as predicted by the Ghybeu:-Berzbera theory. Thus if a 

salt water aquifer were communicated by leak1na faults CEtending to the 

surface, a major disruption in th:1s profile would be ezpected. The sepa-

ration of the IroUDd water from the deeper .alt water aquifers can be 

assured WeD couaideration is given to the fact that the piezometric heac 

for the laaal Miocene aquifer in the .re • .xteDd. to near the surface 

whereas the fre.hwater interface exist. a. deep •• ·2600' below the sur-

face. Obviou.ly a leaking fault exteDdiua to near the surface would hav 

permitted the pumpina of salt water in the same area where fresh water 

is new obtained. 

.. . . 
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!be maxtmum pressure increase due to injection in the hypo-

the tical study amounted to an increase of 300-400 psi in the five fault 

blocks of the study area. The natural piezometric gradient in the study 

area is .467 psi per foot and a pressure increase of this magnitude would 

increase the piezometric gradient to .55 psi per foot for a Basal Miocene 

zone at a depth of 5,000'. The resulting piezometric bead is well below 

the hydraulic fracturing gradient experienced in the area which varies 

from .6 to .8 psi per f,oot (1, 13, 14). This fracture gradient applies 

to tho.e formations which have not been pressured due to injection. 

Eaton (1) gives an interesting example of an injection well which was 

hydraulic fractured at six-month intervals with the necessary fracture 

gradients successively increasing from.748 to .864 to .993 psi per foot 

as injection into the formation continued. The point made here is that 

c waste fluids can be safely confined if intelligent operation is applied. 

With waste disposal into a thin sand 'iutu-.u. more care must be used if 

there is only a short vertical separation beeween the di.posal zone and 

a zone of usable brackish water or fresh water lyiua above. 

Hubbert & Willis (8), ·in their classic paper on hydraulic frac-

turing. point out that the shearing mechanism of faultiDg is quite dis-

tinct from the tension phenomena which produce. hydrauLic fracturing. 

The analOIY broulht in their discussion derive. from a consideration of 

the magD1tude of earth forces necessary to be overcome while inducing a 

fracture or fault. In the Houston area where no~al f.altiug is taking 

place. the areatest stress should be approximately vertical (1.0 psi/foot) 

and equal to the effective pressure of the overburden, vbile the least 

stress should be horizontal and most probably beeween ODe-half and 



one-third the effective pressure of the overburden. The Tertiary ~ 

" ments·of the Texas Gulf coast have undergone recurrent normal faulting 

throughout Tertiary time and up to the present. Except around the salt 

domes, the faults are mostly parallel to the strike of the rock and thu 

the axis of least stress must be parallel to the dip. 

Subsurface rocks along the Gulf coast have experienced much 

higher confinement pressures than would be dictated by consideration of 

minimum rock strength properties. These "geopressured" reservoirs exis 

all along the Gulf Coast area with piezometric gradients ranging from 

approximately .S psi per foot to as high as .960 per foot. The mechan1 

of geopressure will not be gone into here, but is mentioned to illustra 

that under certain conditions these sedtmentaryrocka have a pressure 
, 

capacity equal nearly to the overburden gradient. The closest 

of a geopressured condition is delcribed by Fowler (4) just to the sout 

west of the study area in the Chocolate Sa)ou Field, Brazoria County, 

Texas. 

It is obvious from this discussion that the pressure capacit, 

of zones of waste confinement may vary over. larae range and still be 

repositories of .afekeeping. However the dry holes in the Houston­

Galv .. ton area which were drilled with insufficient surface casing and 

which were improperly plugged will contimle to control the maximum per· 

missible injection rate, thus ltmitina the safe capacity for injection. 

Insufficient surface casing or improper pluSlinc results in inadequate: 

protected fresh water sands. The dry holes were plugged by filling wi 

a heavy mud and by capping near the surface with cement or a weldwo o
, -". 

\ ) 
The Texas Water Quality Board has permitted a pressure tolerance of .U 

.. 




